Angiogenesis, which is the process of sprouting of new blood vessels from pre-existing vessels, is vital for tumor progression. Proteolytic remodeling of extracellular matrix is a key event in vessel sprouting during angiogenesis. Urokinase type plasminogen activator receptor (uPAR) and cathepsin B are both known to be overexpressed and implicated in tumor angiogenesis. In the present study, we observed that knockdown of uPAR and cathepsin B using puPAR (pU), pCathepsin B (pC), and a bicistronic construct of uPAR and cathepsin B (pCU) caused significant inhibition of angiogenesis by disrupting the janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway-dependent expression of vascular endothelial growth factor (VEGF). Further, transcriptional suppression of uPAR and cathepsin B inhibited tumor-induced migration, proliferation of endothelial cells and decreased tumor-promoted expression of VEGF receptor-2, Rac1, gp91 phox , cyclin D1, cyclin dependent kinase 4 and p-Rb in human dermal microvascular endothelial cell. Furthermore, U251 and SNB19 xenograft tissue sections from nude mice treated with pCU showed reduced expression of VEGF and CD31, which is a blood vessel visualization marker. Overall, results revealed that knockdown of uPAR and cathepsin B inhibited tumor-induced angiogenesis by disrupting the JAK/STAT pathway-dependent expression of VEGF. These data provide new insight in characterizing the pathways involved in the angiogenic cascade and for the identification of novel target proteins for use in therapeutic intervention for gliomas.
Introduction
Neovascularization, which is the sprouting of new blood vessels from pre-existing microvessels in or at the periphery of a tumor, is vital for tumor survival. 1 Angiogenesis is a key regulatory factor in the development, progression and metastasis of tumors including glioma. 2 Further, it is well established that proteolytic remodeling of extracellular matrix is a key event in vessel sprouting during angiogenesis 3, 4 and is mediated by the interaction of proteases and urokinase-type plasminogen activator receptor (uPAR). 5 Glioblastomas are highly dependent on angiogenesis. 6 To progress beyond 1-3 mm 3 in size, tumors must be nourished with nutrients and oxygen via newly formed blood vessels. 7 Studies from our laboratory and others have reported that urokinase-type uPAR and the cysteine protease cathepsin B are overexpressed in high-grade glioma, which are characterized by aberrant neovascularization. [8] [9] [10] [11] In tumor angiogenesis, cathepsin B activates soluble or membrane-associated pro-uPA, which, in turn, initiates extracellular remodeling and causes the release or formation of proangiogenic factors. [12] [13] [14] In addition, cathepsin B has been reported to regulate the intrinsic angiogenic threshold of endothelial cells. 15 Moreover, inhibition of extracellular cathepsin B activity affected tube formation in endothelial cells. 16 uPAR is a glycophosphatidylinositol-anchored glycoprotein localized with proteolytic plasminogen system, caveolin and integrins. 17, 18 uPAR has been implicated in tumor-associated angiogenesis, growth factor activation and mobilization, extracellular matrix remodeling, invasion and metastasis. [19] [20] [21] [22] In addition, uPAR has a role in the secretion of procathepsin B in association with caveolae and b 1 -integrins. 22 In addition to its proteolytic activity, uPAR is involved in various intracellular signaling pathways. [23] [24] [25] [26] Endothelial proliferation is frequently found within and adjacent to high-grade gliomas. Paracrine stimuli derived from tumor cells are the main promoters of angiogenesis. Once activated by these stimuli, endothelial cells begin to proliferate, migrate and subsequently form capillary-like structures.
Several methods have been developed to specifically target proteases in an attempt to inhibit angiogenesis. Among these methods, the use of small interfering RNA (siRNA) has received much attention because of its therapeutic potential. 27 In recent years, RNA interference technology has rapidly become the agent of choice in exploring pathways and identifying mediators of the angiogenic cascade. 28 Moreover, data from preclinical and clinical studies have suggested that current antivascular endothelial growth factor (VEGF) therapies are virtually ineffective in glioma-induced angiogenesis. 29 Studies from our lab and others have demonstrated the role of uPAR and cathepsin B in tumor-induced angiogenesis using in vitro and in vivo angiogenesis models. [30] [31] [32] [33] However, the mechanism(s) involved in uPAR-and cathepsin B-mediated regulation of angiogenesis is not completely understood. In the present study, we demonstrate that knockdown of uPAR and cathepsin B inhibited glioma-induced angiogenesis by disrupting janus kinase/signal transducer and activator of transcription (JAK/STAT)-dependent expression of VEGF. We were able to show that downregulation of uPAR and cathepsin B inhibits glioma-induced invasion and proliferation of endothelial cells. The results also demonstrate the role of uPAR and cathepsin B in VEGF-mediated regulation of endothelial cell cycle progression. Overall, results revealed that knockdown of uPAR and cathepsin B inhibited tumor-induced invasion and cell cycle progression of endothelial cells and angiogenesis by disrupting the JAK/STAT pathway-dependent expression of VEGF. The results of the present study suggest that RNA interference-mediated gene silencing of uPAR and cathepsin B may prove to be an effective therapeutic application in the treatment of malignant glioma. Cell culture and transfection conditions U251 and SNB19 cell lines (obtained from American Type Culture Collection; Manassas, VA) were cultured in Dulbecco's modified Eagle's medium supplemented with fetal bovine serum (10%), penicillin/streptomycin (100 U ml À1 ) and maintained in a humidified atmosphere containing 5% CO 2 at 37 1C. Human dermal microvascular endothelial cell line (HMEC-1) was obtained from Candal (Centers for Disease Control and Prevention, Atlanta, GA). HMEC-1 cells were maintained in advanced Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 2% hydrocortisone, 0.001% epidermal growth factor, L-glutamine (200 nM) and penicillin/streptomycin (100 U ml À1 ) at 37 1C in a humidified atmosphere of 5% CO 2 . U251 and SNB19 cells (70-80% confluence) were transfected with scrambled vector (SV), puPAR (pU), pCathepsin B (pC), bicistronic construct of uPAR and cathepsin B (pCU), empty vector (EV) or vectors containing full-length uPAR cDNA (pfU) and cathepsin B (pfC) for 48 h using Fugene HD as per the manufacturer's instructions (Roche Diagnostics, Indianapolis, IN). Single constructs directed against uPAR (pU) and cathepsin B (pC) and the bicistronic construct directed against both cathepsin B and uPAR (pCU) have been described previously. 34 Full-length cathepsin B (pfC) and uPAR (pfU) overexpressing plasmids were purchased from Origene (Rockville, MD).
Materials and methods

Ethics statement
Non-contact coculture of endothelial and glioma cells
To coculture tumor and endothelial cells, U251 or SNB19 cells (2 Â 10 5 /well) plated in transwell chamber plate (6-well type, Greiner Bio-One, Monroe, NC) were left untreated or transfected with SV, pU, pC and pCU for gene silencing studies or with EV, pfU and pfC for overexpression studies. HMEC (4 Â 10 5 /well) were plated in transwell chamber inserts (6-well type, 0.4 mm pore size), placed in transwell chamber plates and incubated for 48 h. After incubation, cells were collected from transwell chamber inserts by trypsinization and lysed in lysis buffer (150 mM NaCl, 50 mM Tris-Hcl, 20 mM EDTA, 1% NP-40, pH 7.4) and used for immunoblotting analysis.
Western blotting
Single and cocultures of cancer cells were harvested and homogenized in lysis buffer and processed for cell lysates. Equal amounts of cellular protein were subjected to SDSpolyacrlyamide gel electrophoresis using appropriate percentage of acrylamide gels. After separation, proteins were transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA). Membranes were then blocked in 5% nonfat dry milk in phosphate-buffered saline (PBS)-T (PBS containing 0.1% Tween-20) and incubated overnight with primary antibody at 4 1C. Membranes were then washed twice with PBS-T at an interval of 15 min and further incubated with suitable horseradish peroxidase-conjugated secondary antibody for 1 h. Membranes were developed using Pierce ECL Western Blotting Substrate according to manufacturer's instructions (Thermo Scientific, Rockford, IL). To confirm equal protein loading, blots were stripped and reprobed with glyceraldehyde 3-phosphate dehydrogenease antibody. The following antibodies were used: anti-uPAR (R&D Systems, Minneapolis, MN), anti-cathepsin B (Athens Research and Technology, Athens, GA), anti-VEGF, anti-VEGFR-2 or Flt-1, anti-VAV2 (guanine nucleotide exchange factor), anti-phospho-VEGFR-2, anti-gp91 phox (heme-binding subunit of NADPH oxidase), anti-HIF-1a, anti-cyclin D1, anti-Cdk4, anti-phospho-Rb (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Rac1, anti-JAK1, anti-STAT3 and anti-p-STAT3 (S-727 and Y-705; Cell Signaling, Danvers, MA).
Reverse transcription PCR
Total RNA was extracted from the transfected cells using TRIZOL reagent (Invitrogen, San Diego, CA) as per standard protocol. DNase-treated RNA was used as a template for reverse transcription reaction (Invitrogen), followed by PCR analysis using primers specific for uPAR, cathepsin B, VEGF and glyceraldehyde 3-phosphate dehydrogenease. The PCR conditions were as follows: 94 1C for 5 min, followed by 35 cycles of 94 1C for 30 s, 58 1C for 45 s and 72 1C for 45 s. Glyceraldehyde 3-phosphate dehydrogenease was used as an internal control (Table 1 ).
In vitro angiogenesis assay
In vitro angiogenesis assay was carried out as described previously with some modifications. 30 Briefly, U251 or SNB19 cells (5 Â 10 4 cells per well) were grown to 60-70% confluence in transwell chamber plates (24-well type, Greiner Bio-One, Monroe, NC) and left untreated or transfected with SV, pU, pC and pCU. HMEC (1 Â 10 4 ml À1 ) were grown as a monolayer in collagencoated porous upper chamber inserts, placed in transwell chamber plates and incubated for 48 h. After overnight incubation with serum-free medium, Hema 3 staining was performed, and tube formation was checked under the microscope and photographed. Angiogenic effect was measured by counting the number of branch points in five different fields and expressed as a percentage of the control. Values were expressed as mean and s.e. of three different experiments.
In vivo angiogenesis assay
In vivo angiogenesis assay was performed using the dorsal skinfold chamber model as described previously. 30 Briefly, athymic nude mice (nu/nu; 5-to 7-week old) were bred and maintained within a specific-pathogen, germ-free environment. The implantation technique of the dorsal skinfold chamber model has been described previously. 35 Sterile small-animal surgical techniques were followed. Mice were anesthetized by intraperitoneal injection with ketamine (50 mg kg À1 ) and xylazine (10 mg kg À1 ). Dorsal air sac was made by injecting 10 ml of air in the completely anesthetized mice. Diffusion chambers (Fisher, Hampton, NH) were prepared by aligning 0.45 mm Millipore membranes (Fisher) on both sides of the rim of the 'O' ring (Fisher) with sealant. Once the chambers were dried (2-3 min), they were sterilized by overnight irradiation under ultraviolet light. Membranes were wetted with 20 ml of PBS. Cancer cells (2 Â 10 6 ) transfected with SV, pU, pC and pCU were suspended in 150 ml of serum-free medium and injected into the chamber through the opening of the 'O' ring. The opening was sealed with a small amount of bone wax. A 1.5-2.0 cm superficial incision was made horizontally along the edge of the dorsal air sac, and the air sac was opened. With the help of forceps, the chambers were placed underneath the skin and carefully sutured. After 10 days, the animals were anesthetized with ketamine/xylazine and killed by intracardial perfusion with saline (10 ml), followed by 10 ml of 10% formalin/0.1 M phosphate solution. The animals were carefully skinned around the implanted chambers, which were removed from the subcutaneous air fascia. The skinfold covering the chambers was photographed under visible light. The number of blood vessels within the chamber in the area of the air sac fascia was counted and their lengths were measured.
Angiogenesis array U251 or SNB19 cells (1 Â 10 5 cells per well) were transfected with pCU and cocultured with HMEC (2 Â 10 5 cells per well) for 48 h. Untreated cells cocultured with HMEC were maintained to serve as a control. Conditioned media was collected after overnight incubation, exposed to angiogenesis antibody arrays and developed as per manufacturer's instructions (Ray Biotech, Norcross, GA). The expression of angiogenic molecules (intensities of signals) was quantified by densitometry and fold change was calculated by comparison with the control.
Transwell proliferation assay
Cell proliferation analysis was performed by BrdU incorporation assay according to the manufacturer's protocol (Roche Diagnostics). Briefly, U251 or SNB19 cells (1 Â 10 5 cells/well) were grown to 60-70% confluence in transwell chamber plates (12-well type, Greiner Bio-One, Monroe, NC) and transfected with SV, pU, pC and pCU or left untreated. HMEC (5 Â 10 3 cells/well) were grown as a monolayer in collagen-coated transwell chamber inserts, placed in transwell chamber plates and incubated for 48 h. Trypsinized HMEC cells (1 Â 10 4 ) were seeded into each well of a 96-well plate and allowed to adhere overnight and proliferation was evaluated using BrdU incorporation assay. For cell cycle analysis, HMEC were treated with propidium iodide (50 mg/ml) þ RNase A Table 1 Genes analyzed by RT-PCR
Gene
Forward primer Reverse primer
Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenease; RT, reverse transcription; uPAR, urokinase plasminogen activator receptor; VEGF, vascular endothelial growth factor.
(0.001%) solution as per standard protocol. The cells were sorted on a fluorescence-activated cell sorter and quantified (10 000 cells sorted).
Transwell migration assay
To assay for tumor-induced migration of endothelial cells, U251 or SNB19 cells (1 Â 10 5 per well) were grown to 60-70% confluence in transwell chamber plates (12-well type, Greiner Bio-One, Monroe, NC) and left untreated or transfected with SV, pU, pC and pCU. HMEC (5 Â 10 4 cells per well) were grown as a monolayer in collagen-coated transwell chamber inserts, placed in transwell chamber plates and incubated at 37 1C for 48 h. Following the incubation period, non-migrated cells on the upper surface of the filter were removed. The cells that had migrated onto the filter were stained with Hema 3 stain (Fisher Diagnostics, Middletown, VA). For quantification, the mean diameter of randomly selected glioma cells that had migrated from the tumor spheroid was measured manually and expressed as a percent of control. 36 Rac1 pull-down assay Active Rac1 from cell lysates (500 mg) was precipitated with GST-PBD (containing amino acids 51-135 of PAK1) according to the manufacturer's instructions (Cytoskeleton, Denver, CO). The precipitates were washed three times with wash buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 10 mM MgCl 2 , 0.1 mM PMSF, 10 mg ml À1 aprotinin, and 10 mg ml À1 leupeptin), and the bound proteins were eluted by boiling for 5 min. The protein was resolved in 14% polyacrylamide gels, transferred to polyvinylidene difluoride membrane (Bio-Rad) and immunoblotted with anti-Rac1 antibody.
Determination of reactive oxygen species (ROS)
Intracellular ROS was determined in endothelial cells cocultured with glioma cells using 2, 7-dichlorofluorescien diacetate (Sigma, Minneapolis, MN). HMEC (2 Â 10 5 cells per well) and U251 or SNB19 cells (1 Â 10 5 cell per well) were cocultured using non-contact transwell coculture model for 48 h. Then, transwell inserts were transferred to another 6-well plate and incubated with serum-free medium containing 20 mM 2, 7-dichlorofluorescien diacetate at 37 1C for 30 min. After incubation, inserts were washed with PBS, cells were lifted with trypsin and resuspended in PBS. Fluorescence was quantified by spectrofluorometry (Fluoroskan Ascent, West Palm Beach, FL) using an excitation wavelength of 480 nm and an emission wavelength of 455 nm. Percent of ROS levels were calculated by comparing fluorescence of treated samples to the control (untreated glioma and HMEC cocultures).
Immunohistochemical analysis of tumor xenografts for VEGF and CD31
Stereotactic implantation of U251 and SNB19 cells, followed by treatment with SV and pCU using Alzet minipumps (Durect, Cupertino, CA) at the rate of 0.25 ml h À1 was carried out as previously described. 37, 38 Briefly, U251 and SNB19 cells (1.0 Â 10 5 ) were injected intracranially into anesthetized nude mice (50 mg kg À1 ketamine and 10 mg kg À1 xylazine). Tumors were allowed to grow for 1 week and the animals were divided into five groups with five animals in each group. Alzet miniosmotic pumps (Durect Corporation) containing 100 ml of SV and pCU (1.5 mg ml À1 ) were used. Once control animals showed chronic symptoms (3-4 weeks), the animals were killed by cardiac perfusion using 10% buffered formalin. The brains were removed, stored in 10% formalin and embedded in paraffin following standard protocol. Immunoblot analysis was done on fresh brain tissues. Paraffin-embedded tumor sections were subjected to rehydration by passing through a series of xylene and 100 and 90% ethanol. 39, 40 Sections were stained with hematoxylin and eosin to characterize tumor growth as described previously. 30 The stained sections were blindly reviewed and scored for the size of the tumor in each case semiquantitatively. The average crosssectional diameter measured in sections of each tumor was used to measure tumor size. Immunohistochemical analysis for VEGF and CD31 was performed as described earlier. 41 The sections were deparaffinized as described above, and antigen retrieval was carried out by boiling sections in 0.01% sodium citrate buffer (pH 6.0) containing 0.05% Triton X-100 for 20 min. Following quenching of endogenous peroxidase activity and blocking of nonspecific binding, sections were incubated overnight at 4 1C with an anti-VEGF or CD31 antibody (1:100 dilution). Next, sections were treated with horseradish peroxidaseconjugated secondary antibody (1:200 dilution) for 30 min at room temperature. Immunolocalization was accomplished by exposing sections to 0.05% 3, 3 0 -diaminobenzidine tetrahydrochloride as the chromogen. The slides were counterstained with Mayer's hematoxylin and mounted. All microscopy studies were performed using a microscope attached to a CC camera and set to auto.
Statistical analysis
All the western blot, reverse transcription PCR and in vitro angiogenesis experiments were performed three times, and each data point in the results is the mean of three values and expressed as mean±s.e. Statistical significance of the results was analyzed by using twotailed Student's t-test. Statistical differences were set at probability levels of *Po0.05 and **Po0.001.
Results
Inhibition of uPAR and cathepsin B protein and mRNA levels by RNA interference siRNAs are rapidly becoming prime agents of choice for functional analysis of new target genes and exploring pathways of tumor-induced angiogenesis. Transfection of U251 and SNB19 cells with pU, pC and pCU strongly inhibited the expression of uPAR and cathepsin B mRNA as determined by semiquantitative reverse transcription PCR analysis (Figures 1a and b) . Glyceraldehyde 3-phosphate dehydrogenease expression demonstrated equal loading. Densitometric analysis revealed that the uPAR mRNA level was decreased to 44.58% with pU transfection (Po0.001) and 28.78% with pCU transfection (Po0.001) in U251 cells; cathepsin B mRNA level was decreased to 35.17% with pC transfection (Po0.001) and 27.14% with pCU transfection (Po0.001) in U251 cells (Figure 1c ). In SNB19 cells, uPAR mRNA expression was decreased to 29.84% with pU transfection (Po0.001) and 20.94% with pCU transfection (Po0.001); cathepsin B mRNA expression was decreased to 38.78% with pC transfection (Po0.001) and 22.81% with pCU transfection (Po0.001; Figure 1d ). Immunoblot analysis of cell lysates was performed further to analyze uPAR and cathepsin B protein levels in control and treated U251 and SNB19 cells. Individual or simultaneous knockdown of uPAR and cathepsin B significantly inhibited the expression of both the proteins when compared with control or SV-treated cells (Figures 1e and f). Densitometric analysis revealed that uPAR protein expression was decreased to 30.02% with pU and 15.91% with pCU in U251 cells; cathepsin B protein expression was decreased to 40.22% with pC and 25.23% with pCU (Po0.001; Figure 1g ). In SNB19 cells, uPAR protein expression was decreased to 34.66% with pU and 20.66% with pCU (Po0.001); cathepsin B protein expression was decreased to 45.02% with pC and 30.12 ± 2.89% with pCU (Po0.001; Figure 1h ).
siRNA targeting uPAR and cathepsin B inhibits tumor-induced angiogenesis in vitro and in vivo
To assess the effect of uPAR and cathepsin B knockdown on tumor-induced vessel formation, transfected or untreated U251 or SNB19 cells were cocultured with HMEC using non-direct contact model. Figure 2a shows that endothelial cells cocultured with untreated or SV-transfected U251 and SNB19 cells formed capillary-like networks after 48 h. In contrast, transfection with pU, pC and pCU significantly inhibited capillary network formation in both U251 and SNB19 cells. The pUtransfected U251 and SNB19 cells showed that endothelial capillary formation was decreased to 22.61 and 21.47% (Po0.001), respectively, as compared with controls. Moreover, U251 and SNB19 cells transfected with pC decreased endothelial capillary formation to 31.64 and 32.27% (Po0.001), respectively, as compared with controls ( Figure 2b) . Interestingly, pCU-transfected U251 and SNB19 cells decreased endothelial capillary formation to 11.82 and 12.51% (Po0.001), respectively, as compared with controls.
To further confirm the in vitro angiogenesis results, we used the dorsal skinfold chamber assay to model the in vivo angiogenesis system. Implantation of chambers containing untreated or SV-transfected U251 or SNB19 cells underneath the dorsal skin of athymic mice resulted in the development of numerous microvessels, which are observed as tiny and curved structures (Figure 2c ). In contrast, microvessel formation was significantly decreased with pCU transfection in both U251 and SNB19 cells. Quantification of tumor-induced neovasculature revealed that microvessel formation was decreased to 8.84 and 10.52% with pCU-transfected U251 and SNB19 cells, respectively, as compared with controls ( Figure 2d ). Our results suggest that both uPAR and cathepsin B have prominent roles in tumor-induced angiogenesis.
Effect of uPAR and cathepsin B knockdown on expression of angiogenic molecules in cocultures
To evaluate the impact of siRNA-mediated downregulation of uPAR and cathepsin B on the spectrum of angiogenic modulators, antibody arrays were incubated with conditioned media from untreated or pCU-treated U251 or SNB19 and HMEC cocultures. The results indicate that expression levels of VEGF, VEGF receptor (VEGFR)-2 and angiopoietin-1 were significantly decreased and angiogenin, epidermal growth factor, monocyte chemotactic protein-1, tissue inhibitor of metalloproteinase-1, tissue inhibitor of metalloproteinase-2, VEGF-D and uPAR were decreased in both U251 and SNB19 cocultures (Figure 2e ). Densitometric analysis of signals revealed that VEGF expression was significantly decreased by 2.6-fold in both U251 and SNB19 cocultures. VEGFR-2 and angiopoietin-1 were appreciably decreased by 2.0-fold in U251 and HMEC cocultures and 1.75-fold in SNB19 and HMEC cocultures as compared with controls ( Figure 2f ). siRNA targeting uPAR and cathepsin B inhibits expression of VEGF protein and mRNA VEGF is a widely studied growth factor for neovascularization. To check the expression of VEGF, conditioned media was collected from control and treated U251 and SNB19 cells and concentrated using centrifuge filter (Cutoff 3K, Millipore, cat no. UFC900396). The results show that individual or simultaneous knockdown of uPAR and cathepsin B decreased VEGF secretion into tumor-conditioned media as compared with control or SV-transfected cells (Figure 3a ). Densitometric analysis revealed that VEGF secretion was decreased to 35.11 and 36.72% (Po0.001) in pU-transfected U251 and SNB19 cells, respectively, as compared with controls. Likewise, VEGF secretion was decreased to 29.68 and 41.04% (Po0.001) in pC-transfected U251 and SNB19 cells, respectively. VEGF secretion was further decreased to 18.51 and 20.19% (Po0.001) as compared with controls in pCU-transfected U251 and SNB19 cells, respectively (Figure 3b ).
Finally, expression of VEGF was prominently decreased in pU-, pC-and pCU-transfected U251 and SNB19 cell lysates (Figure 3c ). Densitometric analysis revealed that VEGF expression was decreased to 54.82 and 55.73% (Po0.05) in pU-transfected U251 and SNB19 cell lysates, respectively, as compared with controls. In addition, VEGF expression was decreased to 56.55 and 54.47% (Po0.05) in pC-transfected U251 and SNB19 cell lysates, respectively. Notably, VEGF expression was significantly decreased to 34.81 and 33.44% (Po0.001) in U251 and SNB19 cells, respectively, with pCU transfection (Figure 3d ).
To test whether uPAR and cathepsin B knockdown inhibited VEGF mRNA transcription, we performed semiquantitative reverse transcription PCR analysis using total RNA. The results showed that U251 and SNB19 cells treated with pCU have significantly lower levels of VEGF mRNA than control or SV-treated cells. However, pU-and pC-transfected U251 and SNB19 cells expressed moderate levels of VEGF mRNA as compared with controls ( Figure 3e ). Densitometric analysis indicates that expression of VEGF mRNA was decreased to 31.29 and 46.29% in pU-transfected U251 and SNB19 cells (Po0.001), respectively, as compared with controls. Moreover, expression of VEGF mRNA was decreased to 36.92 and 54.61% in pC-transfected U251 and SNB19 cells (Po0.001), respectively, as compared with controls. Furthermore, VEGF mRNA expression was decreased to 21.63 and 32.11% in pCU-transfected U251 and SNB19 cells (Po0.001), respectively, as compared with controls ( Figure 3e ).
Effect of uPAR and cathepsin B overexpression on VEGF expression
To test the hypothesis whether overexpression of uPAR and cathepsin B increases the expression of VEGF, U251 and SNB19 cells were transfected with EV, pfU or pfC, and expression of uPAR, cathepsin B and VEGF was determined by western blotting. The results show that expression of VEGF was significantly elevated in cells overexpressing uPAR and cathepsin B ( Supplementary  Figures 1A and B ). Densitometric analysis of western blots reveals that uPAR was increased to 226.6% in U251 cells and 260.3% in SNB19 cells with pfU. In addition, cathepsin B was increased to 391.2% in U251 cells and 225% in SNB19 cells with pfC. Interestingly, expression of VEGF was increased to 346% with uPAR and cathepsin B overexpression in both U251 and SNB19 cells when compared with controls ( Supplementary  Figures 1C and D) . These results strongly support the roles of uPAR and cathepsin B in the regulation of VEGF.
Downregulation of uPAR and cathepsin B inhibits expression of JAK1, STAT3 and HIF-1a
To identify possible signaling molecules in uPAR and cathepsin B-mediated regulation of VEGF, we examined the expression of JAK1, STAT3 and hypoxia inducing factor (HIF-1a) in U251 and SNB19 cell lysates. The results show that expression of JAK1, p-STAT3 and HIF-1a were significantly decreased with pU, pC and pCU treatment in both U251 and SNB19 cells (Figures 3g and  h) . Densitometric analysis revealed that expression of JAK1, p-STAT3 and HIF-1a proteins were decreased to 35.9%, 62.5% (S-727) and 51.9% (Y-705), 50.2%, respectively, in pU-treated cells and 50.3%, 60.2% (S-727) and 45.8% (Y-705), 49.1%, respectively, in pCtransfected U251 cells as compared with controls. Likewise, expression of JAK1, p-STAT3 and HIF-1a were decreased to 34.4%, 61.1% (S-727) and 54.3% (Y-705), 45 .3%, respectively, in pU-transfected cells and 50.9%, 62.3% (S-727) and 57.9% (Y-705), 42.7%, respectively in pC-transfected SNB19 cells. Notably, expression of JAK1 was significantly decreased in pCU-transfected U251 cells (15.3%) and SNB19 cells (16.12%) when compared with controls. Moreover, expression of phosphorylated STAT3 was considerably decreased in the nuclear fractions of pCU-transfected U251 cells (S-727: 35.1% and Y-705: 29.8%) and SNB19 cells (S-727: 36.5% and Y-705: 30.8%). Further, expression of HIF-1a was predominantly less in pCU-treated U251 cells (38.42%) and SNB19 cells (21.9%; Figure 3i ). These results indicate that uPAR and cathepsin B either alone or in combination regulate VEGF expression through the JAK/STAT pathway and also by modulating HIF-1a expression.
Effect of uPAR and cathepsin B knockdown on tumor-induced expression of VEGFR-2, active Rac1 and gp91 phox
Evidence supporting the role of gp91 phox and Rac1 in VEGF-mediated proliferation of endothelial cells already exists. 42 To identify downstream molecules of VEGF/ VEGFR-2 signaling, endothelial cells were cocultured with SV-, pU-, pC-and pCU-transfected U251 or SNB19 cells using the non-contact co-culture model. Expression of VEGFR-2 and gp91 phox was determined in HMEC by western blotting. Active Rac1 (guanosine triphosphate form) was analyzed by immunoprecipitation. Results show that expression of p-VEGFR-2, VAV2, active Rac1 and gp91 phox were considerably decreased with pU and pC transfection, whereas a more significant decrease was observed with pCU treatment in both U251 and SNB19 cells (Figures 4a and b ). Densitometric analysis of western blots indicated that expression levels of p-VEGFR-2, VAV2, active Rac1, and gp91 phox were decreased to 49 Figure 4c ).
Effect of VEGFR-2 blockage on expression of p-VEGFR-2 and active Rac1
To confirm uPAR and cathepsin B-mediated VEGF/ VEGFR-2 signaling, tumor-induced expression of VEGFR-2 was blocked by pretreatment of HMEC with neutralizing antibody for VEGFR-2 (MAB3571, R&D Systems). The results show that glioma-induced expression of p-VEGFR-2 and active Rac1 were decreased significantly with 5 mg ml À1 of VEGFR-2 antibody (Figures 4d and e ). Quantification of protein intensities by densitometry reveals that both U251-and SNB19-induced expression of p-VEGFR-2 was decreased to B13% and active Rac1 decreased to B22% with 5 mg ml À1 of VEGFR-2 antibody (Figure 4f ). Immunoblot analysis of VEGFR-2, p-VEGFR-2, VAV2 and gp91 phox expression in HMEC cocultured with control and U251 and SNB19 cells transfected with SV, pU, pC and pCU using specific antibodies. Active Rac1 was selectively isolated by immunoprecipitation using GST-PBD (containing amino acids 51-135 of PAK1) and analyzed by western blotting. (c) Densitometric analysis of VEGFR-2, p-VEGFR-2, VAV2, Rac1 and gp91 phox western blots. Bars represents the mean and s.e. of three experiments (*Po0.05 and **Po0.001). (d, e) VEGFR-2 blocking inhibits tumor-induced expression of p-VEGFR-2 and Rac1 in HMEC. U251 and SNB19 cells were grown to 80% confluence, and conditioned media was collected after overnight incubation with serum-free medium. HMEC were grown as a monolayer and incubated with tumor-conditioned media containing VEGFR-2 monoclonal antibody (2 and 5 mg ml À1 ) for 48 h. After incubation, cells were harvested and cell lysates were used to determine the expression of p-VEGFR-2 and active Rac1 by western blotting. (f, g) Mean densitometric values±s.e. values were calculated and plotted as a histogram. *Statistically different as compared with respective controls and treated groups (*Po0.05 and **Po0.001).
Knockdown of uPAR and cathepsin B inhibits tumor-induced endothelial cell migration
To investigate the effect of uPAR and cathepsin B knockdown on tumor-induced migration of endothelial cells, untreated or pU-, pC-and pCU-treated U251 or SNB19 cells were cocultured with HMEC for 48 h. Cells that migrated though the membrane were then stained. Results show that migration capability of HMEC was significantly inhibited by pCU and considerably with pUand pC-transfected U251 and SNB19 cells (Supplementary Figure 2A ). Further, quantification reveals that endothelial cell migration was decreased to 48.63 and 35.51% by pU-transfected U251 cells and SNB19 cells, respectively, as compared with controls. In pC-transfected U251 and SNB19 cells, migration was decreased to 58.38 and 41.78% (Po0.05), respectively, as compared with controls. Moreover, endothelial cell migration was significantly decreased to 66.72 and 72.19% by pCUtransfected U251 cells and SNB19 cells (Po0.001), respectively, as compared with controls ( Supplementary  Figure 2B ).
uPAR and cathepsin B knockdown inhibits tumorinduced endothelial cell proliferation
To study the effect of uPAR and cathepsin B knockdown on tumor-induced proliferation of endothelial cells, untreated or SV-,pU-, pC-or pCU-transfected U251 or SNB19 cells were cocultured with HMEC and proliferation was determined by BrdU incorporation assay. The results show that HMEC proliferation was decreased to 32.58 and 30.79% (Po0.05) by pU-transfected U251 and SNB19 cells, respectively, as compared with controls. Moreover, pC-transfected U251 and SNB19 cells decreased HMEC proliferation to 38.76 and 36.38% (Po0.001), respectively. Notably, HMEC proliferation was decreased to 28.68 and 26.56% (Po0.001) with pCUtransfected U251 and SNB19 cells, respectively, as compared with controls ( Supplementary Figure 2C) . uPAR and cathepsin B knockdown inhibits tumorinduced endothelial cell cycle progression Proliferation of cells occurs through different phases of the cell cycle and is regulated by both positive as well as negative regulators. To study the effect of uPAR and cathepsin B downregulation on tumor-induced endothelial cell cycle progression and distribution of endothelial cell population in different phases of cell cycle, HMEC and transfected U251 or SNB19 cells were cocultured for 48 h and cell cycle analysis was carried out by flow cytometry. The results show that pU-, pC-and pCUtransfected U251 and SNB19 cells significantly arrested HMEC cell cycle at G1 phase when compared with controls ( Figure 5a ). The HMEC population was increased 1.63-and 1.65-fold with pU-transfected U251 and SNB19 cells, respectively, as compared with controls at the G1 phase. However, both pC-treated U251 and SNB19 cells increased 1.65-fold of HMEC population at the G1 phase. The HMEC population was increased 1.7fold in pCU-transfected U251 and SNB19 cells as compared with controls ( Figure 5b ).
As knockdown of uPAR and cathepsin B caused cell cycle arrest at the G1-S transition, we further determined glioma-induced expression of key G1-S transition-positive modulators, such as cyclin D1, cyclin dependent kinase 4 (Cdk4) and p-Rb in HMEC. Here, we observed significant downregulation of cyclin D1, Cdk4 and p-Rb in HMEC with pCU-transfected U251 and SNB19 cells (Figures 5c and d) . Quantification of protein-band intensities revealed that expression of cyclin D1, Cdk4 and p-Rb was decreased to 35-70%, 50-80% and 10-20% in both pU-, pC-and pCU-transfected U251 and SNB19 cells, respectively (Figure 5e ).
Effect of uPAR and cathepsin B on intracellular ROS
Several studies have reported the role of Rac1 and gp91 phox in ROS generation. [42] [43] [44] [45] Emerging evidence indicates that intracellular ROS are involved in proliferation of endothelial cells. 46 To know the effect of uPAR and cathepsin B knockdown on tumor-induced intracellular ROS formation, untreated or treated U251 or SNB19 cells were cocultured with HMEC for 48 h and intracellular ROS levels were measured. The results show that pU transfection of U251 and SNB19 cells inhibited ROS to 55.45 and 50.34%, respectively, as compared with controls. In addition, pC treatment of U251 and SNB19 cells decreased intracellular ROS to 61.38 and 59.74%, respectively, in HMEC. Finally, pCU-transfected U251 and SNB19 cells inhibited intracellular ROS to 41.76 and 39.19%, respectively, in HMEC (Supplementary Figure 2D ).
Effect of gp91 phox inhibitor (diphenyleneiodonium ion) on expression of cyclin D1 and Cdk4
To confirm ROS-mediated regulation of cyclin D1 and Cdk4, HMEC were treated with diphenyleneiodonium ion (Sigma), a specific inhibitor of gp91 phox , for 48 h. The results show that expression of cyclin D1 and Cdk4 were significantly downregulated at a 50 mM concentration of diphenyleneiodonium ion (Figure 5f ). Densitometric analysis of protein bands indicate that expression of cyclin D1 was decreased to B10% and Cdk4 to B55% with diphenyleneiodonium ion (50 mM; Figure 5g ).
Immunohistochemical staining of VEGF and CD31 in intracranial tumor sections
To correlate the in vitro and in vivo results, we analyzed tumor growth and expression of VEGF and CD31 in intracranial tumor sections by immunohistochemical analysis. Mock and SV-treated brain sections had a large spread of tumor cells, whereas pCU-treated brain sections had a small number of tumor cells as illustrated by hematoxylin and eosin staining (Figures 6a and b) . Semiquantification of hematoxylin and eosin-stained sections revealed approximately 80-90% reduction of tumor growth with pCU treatment (Figure 6c ). To determine whether the knockdown of uPAR and cathepsin B affected angiogenesis in intracranial tumors, the sections were stained with CD31 antibody, which specifically stains blood vessels. The results show that significant reduction of CD31 was observed in pCU-treated brain sections as compared with controls. Similarly, VEGF expression was significantly decreased in pCU-transfected brain sections as compared with controls ( Figure 6 ). Irrespective of cells used (U251 and SNB19), the effect of pCU treatment on tumor growth and the expression of CD31 and VEGF was the same.
Discussion
Neovascularization is fundamental in tumor growth, progression and metastasis and requires growth factor driven recruitment, migration, proliferation and differentiation of endothelial cells. 47, 48 Previous studies from our lab and others have shown that SNB19 and U251 glioma cell lines overexpress uPAR and cathepsin B. [6] [7] [8] [9] Gondi et al. 19 have demonstrated the role of uPAR and cathepsin B in angiogenesis using tumor-conditioned media from SNB19 cells. However, the underlying mechanism of action is poorly understood. In this report, we have employed an endothelial/glioma coculture model system to explore the role of uPAR and cathepsin B with regard to VEGF expression at cellular and molecular levels in tumor angiogenesis. Figure 6 uPAR and cathepsin B knockdown inhibits expression of VEGF and CD31 in tumor xenografts. (a) siRNA-mediated regression of tumor growth. Hematoxylin and eosin staining performed on the brain sections to reveal tumor growth. The stained sections were blindly reviewed and scored for the size of the tumor in each case semiquantitatively. (b) Semiquantification of tumor volume in control, SV and pCUtreated U251 and SNB19 brain sections. Immunohistochemical analysis of CD31 (c) and VEGF (d) in control, SV and pCU-treated U251 and SNB19 brain sections. To visualize VEGF and CD31 expression, immunohistochemical analysis was performed using specific antibodies as described in Materials and methods.
In this study, we demonstrated that downregulation of uPAR and cathepsin B using puPAR, pCathepsin B and pCU (a bicistronic construct against cathepsin B and uPAR) decreased in vitro and in vivo tumor-induced angiogenesis. Gondi, et al. reported similar results in SNB19 glioma cells. 30, 40 In the present study, we also demonstrated that downregulation of uPAR and cathepsin B in endothelial and U251 or SNB19 cocultures significantly decreased VEGF and moderately decreased angiogenin, epidermal growth factor, monocyte chemotactic protein-1, tissue inhibitor of metalloproteinase-1, tissue inhibitor of metalloproteinase-2, VEGF-D, angiopoietin-1, uPAR and VEGFR2 levels in tumor-conditioned media. Recently, Raghu et al. 49 reported that simultaneous downregulation of uPA and uPAR decreased interleukin-6, VEGF, angiopoietin-1, VEGFR2 in endothelial and glioma cocultures.
As a mechanism in support of the observed effect of in vitro and in vivo tumor-induced angiogenesis, we found that transcriptional suppression of uPAR and cathepsin B decreased VEGF expression at the protein and mRNA levels. As expected, upregulation of uPAR and cathepsin B further increased the VEGF expression. These results suggest that uPAR and cathepsin B might have an important role in the regulation of VEGF expression in glioma. Yanamandra et al. 33 reported that downregulation of cathepsin B decreased expression of VEGF protein in glioblastoma. Nalabothula et al. 32 reported that transduction of glioblastoma cells with adenovirus vector containing the complementary DNA of wild-type p16 and antisense RNA of uPAR significantly inhibited capillary formation and VEGF expression.
Interestingly, suppression of uPAR and cathepsin B at the transcriptional level with siRNA decreased JAK1, p-STAT3 (S727) and HIF-1a expression. Association of uPAR with some components of the JAK/STAT pathway was recently demonstrated in the human cancer cell line TCL-598. 50 Niu et al. reported that STAT3 is required for VEGF-mediated tumor progression. 51 Joo et al. reported that binding of both STAT3 and HIF-1a to the VEGF promoter was required for maximum induction of VEGF expression. 52 In contrast, Schindler et al. 53 reported that C-terminal region and phosphorylation at serine À727 are critically required for transcriptional activity of STAT3 with regard to VEGF expression. In either the case, STAT3 and HIF-1a or STAT3 alone is responsible for VEGF expression. Results from the present study revealed that uPAR and cathepsin B may modulate transcriptional regulation of VEGF expression through the JAK/STAT pathway.
We observed that the downregulation of uPAR and cathepsin B decreased tumor-induced migration and proliferation of endothelial cells. It is well known that VEGF has a key role in the regulation of proliferation and migration of endothelial cells. 54, 55 VEGF was originally discovered as a potent vascular permeability factor that enhances proliferation of endothelial cells and tube formation after degradation of extracellular matrix by uPAR and cathepsin B. 20, 56 Angiogenesis is a highly complex process involving multiple interactions of proangiogenic, antiangiogenic and angiostatic factors. 57, 58 Even though, numerous proangiogenic factors have been characterized, VEGF has been identified as the predominant regulator of tumor angiogenesis. 59 However, the complex role of other proangiogenic and antiangiogenic factors in the regulation of angiogenesis could not be ruled out. VEGF exerts its angiogenic effect by coupling to the VEGFR. 60 The downstream effect of binding, dimerization and activation of the VEGF/VEGFR-2 complex includes migration and proliferation of endothelial cells. 61 Like other tyrosine kinase receptors, VEGFR-2 triggers signal transduction by promoting receptor phosphorylation and the recruitment of specific downstream mediators. 62, 63 An interesting finding of the present study is that silencing of uPAR and cathepsin B genes either individually or simultaneously significantly decreased tumor-induced activity of p-VEGFR-2, Rac1, gp91 phox and intracellular ROS levels. Previous reports have demonstrated VEGF induced NADPH oxidase activity and ROS formation in endothelial cells. 64, 65 However, blockage of VEGFR-2 with VEGFR-2 monoclonal antibody decreased tumor-induced activity of p-VEGFR and active Rac1 in HMEC. The effect of VEGFR-2 blockage on VEGF-induced proliferation and migration has been reported in cultured normal human epidermal keratinocytes and orthotropic human breast cancer models. 66, 67 These results highlight the complexity and interconnectedness of angiogenic signaling pathways.
We also observed that uPAR and cathepsin B knockdown suppressed tumor-promoted endothelial cell cycle progression and expression of cyclin D1, Cdk4 and p-Rb. Recently, VEGF-and bFGF-mediated regulation of cyclin D1 was reported in endothelial cells, which is central for the G1 to S transition in the cell cycle. [68] [69] [70] Figure 7 Schematic representation of the proposed molecular mechanism of uPAR and cathepsin B-mediated regulation of angiogenesis in glioma.
Diphenyleneiodonium ion, a specific inhibitor of gp91 phox , decreased the expression of cyclin D1 and Cdk4 in HMEC. Previous reports say that gp91-derived ROS is critically important in VEGF-induced angiogenesis and regulation of the G1 to S transition. 42, 71 In summary, our study demonstrates that knockdown of uPAR and cathepsin B attenuate tumor-induced angiogenesis by decreasing VEGF expression and also affecting endothelial cell migration and proliferation. Notably, our results further indicate that simultaneous downregulation of uPAR and cathepsin B effectively inhibits glioma angiogenesis. In addition, the results of the present study reveal that uPAR and cathepsin B regulate tumor-induced angiogenesis through the VEGF/ VEGFR-2 and ROS signaling pathways (Figure 7) . Taken together, our results show that siRNA-mediated silencing of uPAR and cathepsin B exhibits significant antiangiogenic potential and may be an effective therapeutic agent for treatment of malignant glioma.
